Abstract: Modification of polypropylene (PP) properties by the addition of particulate fillers has been of interest for several years. In the recent years, the simultaneous use of nanofillers and conventional reinforcing fillers and study of the effect of these hybrid systems on various properties of composite has gained the attention of many researchers. In this paper, nanocomposites based on PP/Talc/Nanoclay were prepared at various filler levels via melt compounding of the ingredients in a twin-screw extruder. Here, a polypropylene grafted maleic anhydride (PP-g-MA)/Nanoclay master batch was prepared at 140 o C. The masterbatch was then used to prepare ternary compounds through a simultaneous feeding system, in a ZSK extruder at 210 o C. The extrudate was granulated and then re-extruded through a slit die, to prepare the test specimens. SEM and XRD analysis were used to characterise the systems. Rheological behaviour of the specimens was studied using a parallel plate rheometer. In the ternary blend on comparing with the neat PP, the complex viscosity (η*) is increased with increasing overall filler content; however, at low frequencies this increase is governed by the content of nano filler while at high frequencies it is mainly determined by talc content. A similar trend was also observed for the variations of storage modulus (G′) and loss modulus (G″) with frequency. The results showed that the simultaneous use of nano and micro size fillers considerably affects the melt elasticity. It is believed that the hybrid system increases the hydrodynamic effect of filler particles in the molecular motion of the polymer.
Introduction
Polypropylene (PP), has widely been used in various areas such as automotive industry, packaging, household goods, etc. This is due to its attractive characters such as low cost, low density and excellent versatility in terms of properties, applications and recycling. In spite of all these, it suffers from brittleness at low temperatures or high impact rates as well as inadequate stiffness, which limits its uses for some applications. Several attempts have been made to improve the mechanical properties of PP by the addition of fillers such as mica, talc, calcium carbonate, etc [1] [2] [3] [4] [5] [6] [7] [8] . The incorporation of these fillers in thermoplastics is a common practice to reduce the production costs as well as improving the working properties such as strength, rigidity, durability and hardness. Considerable experimental data can be found in literature dealing with the properties of PP filled with talc [9] [10] [11] , calcium carbonate [12] [13] [14] and rice husk ash [15] . In comparison with the conventional reinforcing fillers, the addition of nanofillers of high anisotropy, improves the performance of PP composites in a wide range such as mechanical, thermal and barrier properties [16] . Nanofillers provide a large specific surface area which lead to a strong interfacial interaction with the polymer matrix, therefore it is believed to be more effective for improving the mechanical properties. One of the most common nanoscopic filler is nanoclay in which layered silicate sheet has high aspect ratios ranging from hundred to thousands. The work on PP/Nanoclay composites has been widely reported [6] [7] . In general, with the aid of compatibilizer, e.g. the PP oligomers modified with maleic anhydride (MA), the clay can be well dispersed in PP matrix in a nanometer scale, using a melt blending technique. This has been recognized as a promising approach because of it ease by employing conventional polymer mixing or extrusion process and cost effectiveness [17] .
The melt rheological properties of talc-filled isotactic polypropylene have been studied at talc concentrations of 0-33.3 (vol %) and at 493 o K. The composites followed a power law model in the shear stress-shear rate dependence and were shear thinning. The apparent melt viscosity increased whereas the melt elasticity parameter "first normal stress difference" decreased as the talc concentration increased [18] .
The rheology of the polymer nanocomposites has attracted the attention of both academics and industries. The composite rheological behaviour is sensitive to the structure, shape, particle size and surface modification of the dispersed phase. Understanding the rheology is important to optimize the melt-processing behaviour in processes such as extrusion and injection molding. In addition, it may be used to directly assess the dispersion of nanocomposites in the melt state. The rheological behaviour of PP/layered silicate nanocomposites without polar interaction was studied [19] [20] [21] . The compatibilized hybrids showed a large increase in zero shear viscosity, and an apparent yield behaviour at low frequency region. The solid-like rheological response originated from large frictional interaction of clay platelets, which are randomly oriented and form a percolated network structure incapable of relaxing completely [19] .
As mentioned earlier, there are reports on the rheological behavior of PP/talc and PP/nanoclay composites but the rheological properties of PP/talc/nanoclay ternary system has not been, to our knowledge, studied. The simultaneous presence of micron-and nano fillers would affect the rheological properties of the compound and its study will provide some useful information for optimization of the compounding and processing conditions. In this paper, the rheological properties of Polypropylene/Talc/Nanoclay ternary hybrid nanocomposites are investigated using a parallel plate rheometer. The effects of micron/nano filler ratio on complex viscosity (η*) and storage modulus (G') are studied. Also, damping factor and η " vs. η ' (Cole-Cole) diagrams were evaluated.
Results and discussion
In Fig.1 , SEM micrographs of PP and PP compounds with talc and nanoclay are shown. From the photos, an almost similar surface topology is derived for PP and its compounds with talc and nanoclay. No sign of the filler agglomerates can be observed in the micrographs, an evidence of good dispersion of filler in the matrix. Also, lack of voids in the fractured surface proves a good adhesion between fillers and the matrix. This is attributed to the presence of maleic anhydride which acts as a compatiblizer and improves adhesion between the filler and the matrix. In Fig. 2 , XRD pattern of talc is shown. Here, no peaks can be observed at 2θ<9, while in the XRD pattern of nanoclay (Fig. 3 ) two broad peaks, one with a shoulder, and having different intensities are observed. In XRD pattern of PP/PP-g-MA/Nanoclay (P5M5N), the intensity of the broad peak at 2θ about 3 is reduced and it is also shifted somehow toward smaller 2θ. This suggests that the d-spacing and the extent of intercalation in the layered silicate has increased. In talc-containing formulations (Fig.3) , the intensity of the peaks in all areas is greatly reduced while it continues to shift toward smaller 2θ. At higher talc contents, this is more evident and the peaks almost disappeared. This means that in the presence of talc the d-spacing is greatly increased and almost exfoliation has happened. There is a suggestion that the presence of talc increases the viscosity of the system and in doing so increases the shear stress applied to nanoclay layers during processing. This shear induced process increases the inter-layer spaces and helps the polymer chains to penetrate between the layers which finally lead to a high level of exfoliation. Similar results have been reported by other researchers where they suggest that the presence of other fillers in conjunction with nanoclay may be able to adjust the matrix viscosity and provide a balance between shear stresses and diffusion processes, which finally imparts a high level of nanoclay exfoliation [22] . In Fig.4 , the variations of storage modulus (G') with frequency for the formulations containing talc are shown. As it can be seen, in the frequency range used (0.1-100 1/s), all the formulations containing talc show a higher storage modulus than pure PP. Formulation P5M, which only contains maleic anhydride, remains below PP.
Comparing the results for the formulations with talc, a higher modulus is observed for higher talc containing formulation. The difference between various formulations remains almost constant throughout the applied frequency range. This is expected, as talc has a higher storage modulus than pure PP and its addition to PP increases the overall storage modulus of the compound.
In Fig.5 , the variations of complex viscosity (η*) with frequency for the formulations containing various amounts of talc are compared with PP. As it can be seen, for all formulations, η* is decreased with increasing frequency. The formulations containing talc show a higher η* than pure PP. Similar to what observed for the storage modulus (G'), formulation P5M also show a η* which is below that of PP. For talc-filled formulations, η* is increased with increasing talc content. Here again, the difference between various formulations remains almost constant throughout the frequency range used. This is attributed to particle-particle interaction as an important parameter in increasing the viscosity. In Fig. 6 variations of damping factor with frequency are depicted. As seen, at a certain frequency the formulation containing maleic anhydride (P5M) show the highest damping factor among other formulation. This can be attributed to the presence of maleic anhydride which is a low molecular weight component and has a rubbery nature. The presence of talc in the formulations, on the other hand, reduces the damping factor, due to its effect in increasing the storage modulus. The net value of the damping factor for the formulations containing both maleic anhydride and talc is determined by their weight fractions in the compound. For instance, in formulation P5M15T the effect of maleic anhydride and talc is almost neutralized by each other thus system behaves like neat PP. Another point is that the difference between various formulations is more evident at lower frequencies and as the frequency increases they become superimposed. This is justified by the fact that at high frequencies there is not enough time for the material to respond to the applied oscillation.
Fig . 6.
Damping factor for talc-filled formulations as compared to PP.
In Fig. 7 the variations of storage modulus (G') with frequency for the formulations containing various levels of talc and nanoclay are shown. As it can be seen, in the frequency range used (0.1-100 1/s), all the formulations containing talc and/or nanoclay show a higher storage modulus than pure PP. This increase is expected as both talc and clay have higher modulus than pure PP. Formulation P5M, which only contains maleic anhydride, sets below PP. Comparing the results for the formulations containing either talc or nanoclay, a higher modulus for clay-containing formulations is observed. At lower frequencies, this difference becomes more evident. In formulations containing a hybrid of nanoclay and talc, with increasing talc and decreasing nanoclay, the G' is reduced. This expresses that nanoclay has a higher share in increasing G'. Comparing these formulations with clay-containing formulation (P5M5N), an increasing effect on G' is observed at 10-15 phr of talc. However, with increasing talc content, the behaviour moves toward pure talc. This expresses that a synergistic effect between talc and nanoclay exists at a certain ratio. This matter is discussed in further details later. In Fig. 8 , the variations of complex viscosity (η*) with frequency for the formulations containing both talc and nanoclay are compared with neat PP. As it can be seen, for all formulations, η* is decreased with increasing frequency. Also, the filled compounds (except for the P5M) have a higher η* than PP. The formulation which only contains organoclay (P5M5N), shows a lower η* than the other filled compounds. Formulation with talc as the filler (P5M30T) is placed above P5M5N and when a combination of talc and nanoclay is used, η* becomes even higher.
In Fig. 9 damping factor versus frequency for the formulations containing various levels of talc and nanoclay are shown. The formulations show some differences in damping factor particularly at low frequencies which are more significant as compared to talc-filled formulations (Fig.7) . By increasing the frequency, the values for damping factors close together and at high frequencies the difference becomes almost negligible. Compared with the talc-filled formulation (P5M30T), the formulation containing nanoclay (P5M5N) has a greater effect in reducing the damping factor of PP. Fig . 9 .. Damping factor versus frequency for the formulations containing various levels of talc and nanoclay.
For the ternary systems (PP/talc/nanoclay) one expect to see a behaviour based on the rule of mixtures, whereas this is not the case for some formulations and in fact formulations P5M4N10T and P5M3N15T show a damping factor below that of nanofilled compound (P5M5N). This suggests that the presence of talc at certain weight ratios may help for a better dispersion and exfoliation of silicate layers through a shear induced process. Similar results are reported by other researchers [22] .
In Fig. 10 Cole-Cole diagram for the formulations containing various levels of talc is shown. In Fig. 11 Cole-Cole diagram for the formulations containing various amounts of talc and nanoclay is shown.
Similar to the curve for the matrix, other curves show semicircular shapes in which the diameter increases on increasing the filler content. The similarity of the semicircular shape of Cole-Cole curves is due to the fact that the general rheological behaviour of the melt is mainly controlled by the rheology of the matrix, that its viscosity increases by adding mineral filler (Figs. 5 and 8). It is observed that using nano scale filler together with a micro scale one considerably affect the melt elasticity. The interesting point in Cole-Cole graphs of the samples is that by replacing 5 phr of talc in P5M30T with 1 phr of nanoclay (P5M1N25T) the diameter of the curve is increased. This is also observed in P5M4N10T sample which shows the biggest diameter among the Cole-Cole curves in this set of tests. This is while the Cole-Cole curve of P5M5N sample which contains 5 phr of nanoclay is set below other curves (Fig. 11 ) This behaviour is due to the fact that the hybrid system of fillers (nano and micro scale) in PP matrix considerably increase the elasticity of the melt. It is believed that this hybrid filler system increases the hydrodynamic effect of filler particles in the movement of polymer molecules in the melt by improving the packing density and proceeds to the formation of the network of filler particles in the matrix.
For better illustration of the effect of nanoclay in the ternary systems, relative values for storage modulus (G' with nano /G' without nano ), complex viscosity (η* with nano /η* without nano ) and damping factor (Tan with nano /Tan ' without nano ) for various compounds in the frequency range 0.1-100 (1/s) are depicted in Figs. 12, 13 and 14 , respectively. For the ternary compounds the relative values are obtained by dividing the particular property of the ternary compound over the property for talc-filled compound at the same talc content. For the formulations which contain either talc (P5M30T) or nanoclay (P5M5N), the corresponding values are obtained by dividing the property over that of for P5M.
As shown in Fig. 12 , at low frequencies, the relative storage modulus of the ternary systems increases with increase in nanoclay content. However, the G' with nano /G' without nano for nano-filled compound containing 5 phr of nanoclay (P5M5N), is below that of the formulation containing 4 phr of nanoclay (P5M4N10T). This suggests a synergistic effect between talc and nanoclay on G'. The talc-filled formulation is almost unaffected when the frequency is changed to higher values. This is due to low aspect ratio of talc which is not much influenced by frequency variations. In nanoclaycontained formulation (P5M5N), due to high aspect ratio of nanoclay particles, the variations are frequency dependant. It is likely to see a more frequency dependant behaviour as the degree of exfoliation and in turn the aspect ratio, is increased. This is what happened in ternary systems where the presence of talc helps for a better exfoliation of nanoclay. higher loading of talc in the formulation. The behaviour of ternary systems containing 1 and 2 phr of nanoclay is almost frequency independent as these formulations contain high amount of talc which shield the behaviour of nanoclay. In Fig. 13 the variations of relative complex viscosity with frequency for various formulations are shown. An almost similar trend as for the relative storage modulus is observed for the relative complex viscosity. Here, the formulation containing talc shows the highest relative complex viscosity among other formulations and the formulation containing 1 phr of nanoclay shows the lowest. Rests of the formulations are placed in between, based on their nanoclay content. Also, all the formulations show a frequency dependent behaviour; however, this is more evident for the formulation containing 4 phr of nanoclay. This suggests that in ternary systems and compared with relative storage modulus value, talc has a greater effect on complex viscosity than nanoclay.
In Fig. 14 relative damping factor for various formulations are shown. The overall behaviour for other formulations shows that the effect of nanoclay in decreasing relative damping factor is more than talc. Although, it is expected for the ternary systems to follow the rule of mixtures, however, as it can be seen the formulation containing 4 phr of nanoclay shows the lowest value and is more frequency dependent.
This is attributed to a better exfoliation of silicate layers of nanoclay in the presence of talc. The difference between formulations containing various amounts of nanoclay is not that much and that is the why the relative values of damping factor for the formulations having 1 and 2 phr of nanoclay is placed above other formulations.
Conclusions
Ternary hybrid nanocomposites of PP/talc/nanoclay were made via a melt blending process. In SEM micrographs, no sign of the filler agglomerates was observed, an evidence of good dispersion of filler in the matrix. Also, lack of voids in the fractured surface proved a good adhesion between fillers and the matrix. XRD patterns showed an increase in d-spacing of layered silicates of nanoclay. In the presence of talc the d-spacing was increased and a high level of nanoclay exfoliation has happened. This was attributed to an increase in the viscosity of the matrix which provides a balance between shear stresses and diffusion processes which finally imparts a high level of nanoclay exfoliation.
In talc-filled formulations, the storage modulus (G') was increased with increasing talc content. This was attributed to higher modulus of talc as compared to PP. These formulations show a higher η* than pure PP. This is because particle-particle interaction restricts the chains mobility and hence increases the viscosity. The presence of PP-g-MA in the formulation increases (because of its rubbery nature) and talc decreases the damping factor.
In the hybrid system studied, the relative values of the properties can be used for better illustration of the effect of nano filler. According to this, an increasing trend in G ' was observed with increasing nano content which has the highest value at 4 phr of nanoclay. This proved a synergistic effect between nano and talc. This was because more exfoliation of nanoclay increases its aspect ratio and number of particles, which in turn affects the G ' at this frequency region. This effect was also observed for relative damping values where the formulation containing 4 phr of nanoclay showed the lowest value among the others. A considerable increase in the relative complex viscosity (η* with nano /η* without nano ) was observed due to more exfoliation and in turn network formation and particle-particle interactions.
Cole-Cole diagrams showed that in the hybrid system the melt elasticity was considerably increased. This was related to the hydrodynamic effect of filler particles in the movement of polymer molecules in the melt which improves the packing density and proceeds to the formation of the network of filler particles in the matrix.
Experimental part

Materials
The homopolypropylene (PP) (MI = 12 at 230 o C) was a product of SEETEC (Korea) with a brand name H1500. Uncoated talc (Grade A, mean diameter 8.5 μm) was supplied by Micronized Powder Co., Iran. The mean diameter of talc particles was confirmed by using a particle size analyzer, CILAS 1064 Liquid. PP-g-MA, Fusabond P MD-353D, was a product of Du Pont, USA. Nanoclay Cloisite 15A was obtained from Southern Clay Products Inc. Irganox 1010, used as antioxidant, was supplied by Ciba.
Compounding Procedure
A masterbatch of PP-g-MA and Cloisite 15A, 1:1, was prepared by melt compounding in a co-rotating twin-screw extruder ZSK 25, (L/D= 40, Werner & Pfleiderer Co.). The processing variables were determined after several trials. The screw speed was set at 500 (rpm) and the barrel temperatures were set according to melting point of the PP-g-MA from 120 Talc   P  100  0  0  0  P5M  100  0  5  0  P5M5N  100  10  0  0  P5M4N10T 100  8  1  10  P5M10T  100  0  5  10  P5M3N15T 100  6  2  15  P5M15T  100  0  5  15  P5M2N20T 100  4  3  20  P5M20T  100  0  5  20  P5M1N25T 100  2  4  25  P5M25T  100  0  5  25  P5M30T  100  0  5  30  P5M1N30T 100  2  4 
Structural Characterization
The morphology of the samples was studied using Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD) analysis. To investigate the extent of dispersion in micro scale, SEM images were prepared from cryogenically fractured (in liquid N 2 ) surface of the samples using a SEM microscope LEO, 1455VP.
XRD studies of the samples were carried out using a Philips Analytical X'Pert X-ray diffractometer. The diffractometer is equipped with Cu Kα radiation source and is operated at 40 kV and 40 mA. The data were recorded in the reflection mode over a 2θ range of 1-9 ° at a rate of 0.04 °/min, taking measurements at equal increments of 0.04 °.
Rheological Characterization
Samples for the rheological studies were prepared by cutting the extruded tape in form of a 1 mm thickness and 25 mm diameter disc. The rheological characterization was carried out on a Rheometrics MCR300, ANTON PAAR. A frequency range of 0.1-100 rad/s and strains of 6 % were applied at 210 o C during the measurements.
